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Abstract— In this paper we present our design and prospects 
of a Magneto-Optical Trap (MOT)-based cold Cs-beam atomic 
clock physics package and report the realization and 
characterization of a continuous, laser-cooled Cs atomic beam 
from a Cs MOT. We have determined the longitudinal velocity 
of the cold Cs beam by Time of Flight (TOF) method to be 7 
m/s with a velocity spread of 1 m/s.  By adjusting the MOT 
parameters, we are able to tune the Cs-beam velocity from 5 
m/s to 8.5 m/s while the velocity spread remains to be 1m/s. 
The Cs beam has an instantaneous atomic flux of 3.6 × 1010 
atoms/s when operated in pulsed mode and a continuous beam 
flux of 2 × 108 atoms/s. Our theoretical simulation reveals that 
the MOT inhomogeneous magnetic field and the varying 
Doppler shift along the atomic beam propagation play an 
important role in determining the longitudinal velocity of the 
Cs atomic beam. With the cold Cs beam thus formed and a 
compact Ramsey cavity of 13 cm in length, we have estimated a 
short-term, shot-noise limited Allan standard deviation of 2.7 × 
10-13 τ-1/2 (τ is the averaging time) for the atomic master 
oscillator under development.  

I. INTRODUCTION 
There are continuing demands for better atomic master 

oscillators from global navigation and communication 
satellite programs. Laser-cooled low-velocity (v < 10 m/s) 
atomic beams have been considered feasible cold atom 
sources for developing compact and highly stable master 
oscillators for spacecrafts and satellite applications [1-4]. A 
cold atomic beam can be realized either by directly laser-
decelerating a thermal atomic beam or by laser-accelerating 
an ensemble of ultra-cold (T < 1mK) atoms from a laser-
cooled atom trap. The former usually requires a spatial 
distance of ∼ 1 m to cool a beam of thermal atoms to the 
expected velocities, which defines the dimensions of the 
instrument [5-6]. However, the latter technique has the 
unique advantage of generating a useful cold atomic beam 
just outside the volume of a cold atom trap and hence could 
significantly reduce the size of the system.  

The basic idea of the method is to introduce a controlled 
leak to a magneto-optical trap (MOT) by modifying the 
trapping potential in such a way that the MOT functions like 
a cold atom funnel, with which thermal atoms are captured, 

cooled and then pushed out to form an atomic beam [9-13]. 
Since the atomic beam thus formed originates from an 
ensemble of cold atoms at ~ 100 µK, very low beam 
velocities can be obtained within a short distance through a 
controlled laser acceleration process. In this paper we will 
first discuss our physics package of a cold continuous Cs-
beam atomic clock using a 13 cm long Ramsey cavity. Then 
we will report our observation and investigation of a low-
velocity Cs atomic beam generated from a vapor-cell Cs 
magneto-optical trap. In our system, no specially fabricated 
optics is used inside the vacuum chamber. We also separate 
the optical re-pumping laser beam from the laser beam 
responsible for accelerating the cold Cs atoms. In this way 
the Cs beam travels at an approximately uniform velocity 
after leaving the vicinity of the trap volume. A one-
dimensional optical molasses is used to deflect the Cs beam 
away from the trapping laser beams. In Section III we will 
present our theoretical model that simulates the acceleration 
kinetics of the MOT-based Cs atomic beam. Finally we will 
discuss the prospects of the cold continuous Cs-beam atomic 
oscillator under development.           

II. PHYSICS PACKAGE AND EXPERIMENTS 
Fig. 1 schematically shows the physics package of the 

cold Cs-beam atomic clock. The slow-velocity Cs atomic 
beam, generated from a Cs MOT, is deflected by 30 degrees 
using a 1-D optical molasses [6-8]. The retro-reflected laser 
beam damps the velocity component perpendicular to the Cs-
beam final propagation direction while leaves the velocity 
component along the final propagation path intact. The 
atomic beam deflection is necessary to prevent the Cs atoms 
from being perturbed by any MOT laser beams. Upon the Cs 
beam being deflected, optical pumping prepares Cs atoms 
into the magnetic-insensitive F=4, mF=0 (or F=3, mF=0) 
clock level before they enter a Ramsey microwave cavity of 
13 cm in length. The optical pumping laser beam is also 
retro-reflected to prevent the Cs beam from being misaligned 
by the spontaneous force. Ramsey interference fringes and 
atomic clock signals will be generated via laser-induced 
fluorescence near the output of the microwave cavity. The 
9.2 GHz microwave frequency from a tunable OCXO-based 
synthesizer will eventually be locked to the Cs atomic 
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hyperfine-transition to provide long-term frequency stability 
of the clock. The frequency stability of such a cold Cs-beam 
atomic clock will be discussed in Section IV.  

 

 

 

 

 

 

 

 

 

 

Figure 1.   Schematic diagram of the clock physics package. The MOT 
laser beams are not shown here. The Cs atomic beam is deflected by 30 
degrees using a 1-D optical molasses. Also plotted is the relevant Cs atomic 
energy levels as well as the optical pumping, clock interrogation and clock 
signal generation processes. The dimension of components is not in scale. 

We generate the low-velocity Cs atomic beam from a 
vapor-cell MOT of Cs atoms. The MOT traps 8 × 107 Cs 
atoms with a density of 8 × 1010 atoms/cm3 at ∼ 300 µK. The 
Cs trap has a loading time constant of 0.4 s and is 
accommodated in an ultrahigh vacuum chamber with a 
background pressure of 6 × 10-10 Torr. A 150 mW 
Distributed-Bragg-Reflection (DBR) diode laser at 852 nm is 
used for cooling and trapping. The trapping laser frequency 
is 25 MHz red-detuned from the 62P3/2 F′= 5 hyperfine level. 
This red detuning is adjustable by tuning the RF frequency 
of an AOM driver.  

The cold Cs beam is extracted from the Cs MOT by 
making one of the six trapping laser beams into a hollowed 
laser beam [13]. This configuration forms a controlled leak 
tunnel of the atomic trap while the MOT still captures and 
cools Cs atoms from the surrounding Cs vapor. The MOT 
optical re-pumping beam is introduced by co-propagating 
only with the vertical trapping beam, which is perpendicular 
to the Cs atomic beam. When the leak tunnel is established, 
the trapped Cs atoms feel a net spontaneous force from the 
acceleration laser beam, that is, the trapping laser beam 
propagating in the opposite direction of the hollowed 
trapping beam. A continuous Cs atomic beam is thus 
generated and imaged by laser-induced fluorescence in the 
vicinity of the trap volume as shown in Fig. 2. The bright 
spot in Fig. 2 is the Cs MOT cloud and the Cs beam is seen 
to the right of the trap.  

We measured the mean velocity of the MOT-based Cs 
beam by the Time of Flight (TOF) method when the MOT-
beam system is operated in a semi-continuous mode. A 
probe laser, focused to about 1 mm in diameter, crosses the 
atomic beam at a distance of 11 cm downstream from the 
MOT. As the Cs atoms pass through the probe beam, laser-

induced fluorescence at the Cs D2 line is recorded with a 
PMT. Fig. 3 shows a typical time of flight signal, where the 
horizontal axis is the flight time. Fig. 3 displays a TOF signal 
peaked at 15.1 ms, giving an averaged beam mean velocity 
of 7.3 m/s under typical experimental conditions. Note that 
the Cs atoms gain their full speed only in a short acceleration 
distance (less than 10% of the total flight path) and travel 
without further acceleration during most of their flight time.  
The line width (FWHM) of the TOF signal in Fig. 3 is 2.2 
ms, corresponding to an atomic beam velocity spread of 1 
m/s. This velocity spread is mainly due to the initial spatial 
and momentum distribution of the Cs atoms in the MOT 
volume (V ~ 1 mm3 and T ~ 300 µK ). Assuming all the 8 × 
107 trapped Cs atoms pass through the probe laser beam in 

 

 

 
 
 
 
 
 

 

 

 

 

 

Figure 2.  Laser-induced fluorescence image of the MOT-based 
continuous Cs atomic beam. The bright spot is the trapped cold Cs atom 
cloud and the relatively weaker narrow line is the Cs atomic beam traveling 
to the right. 

 

 
 
 
 
 
 

 

 

 

Figure 3.  Time of flight measurement of the Cs atomic beam velocity. 
Laser-induced fluorescence is recorded at 11 cm downstream from the 
MOT center when the system is operated in a semi-continuous mode. The 
peak flight time gives a mean beam velocity of 7.3 m/s and the width 
(FWHM) of the signal indicates a velocity spread of 1 m/s.  

2.2 ms, we have an instantaneous beam flux of 3.6 × 1010 
atoms/s. If the cold Cs beam is operated in a continuous 
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mode and the Cs beam is the predominant trap loss, the 
continuous beam flux is approximately equal to the Cs MOT 
loading rate, which is measured as 2 × 108 atoms/s. 

Our experiments also show that the Cs atomic beam 
velocity is tunable by adjusting the MOT parameters. Using 
the time of flight technique, we have been able to measure 
the velocity dependence on the acceleration laser frequency, 
the MOT magnetic field gradients and the acceleration laser 
intensity. The results are plotted in Fig. 4. In our experiment, 
the Cs atoms are accelerated by one of the trapping laser 
beams, whose frequency is red-detuned by a few times of the 
natural line width γ (5.18 MHz). Fig. 4a shows that a larger 
red detuning, δ0/γ, reduces the velocity of the Cs beam. Here 
δ0 = νL – ν0 is the red detuning of the acceleration laser and 
νL and ν0 the laser frequency and the atomic resonance 
frequency, respectively. From Fig. 4b we have that the Cs-
beam velocity decreases as the magnetic field gradient 
increases. This is because the Zeeman effects from the 
inhomogeneous magnetic field increase the total off-
resonance detuning of the acceleration laser, resulting in a 
reduced spontaneous force as indicated in (3) and as 
designated in Fig. 6. The error bars in Fig. 4 are one standard 
deviation of the statistical uncertainty of the measured 
atomic beam mean velocity. The experiment shows that the 
Cs beam velocity can be tuned in a range of 5 – 8.5 m/s with 
a velocity spread of 1 m/s by adjusting the MOT parameters. 
The ability to control the atomic beam velocity is useful in 
implementing a highly stable atomic beam by actively 
stabilizing the beam velocity.  

In Fig. 5 we demonstrate the spatial trajectory of the cold 
Cs atomic beam interacting with the 1-D optical molasses, 
which is designed to bend the atomic beam by an angle of 
30o. Our deflection laser beam has a cross-section of 15 mm 
in diameter and an intensity of approximately twice the Cs 
D2-line saturated absorption intensity (Is= 1.09 mW/cm2). 
The cold Cs atomic beam extracted from the MOT has a 
nominal velocity of v=7.3 m/s and velocity components 
along x and z axis vx=6.3 m/s and vz=3.7 m/s, respectively. 
The x-axis is the Cs beam propagation path after being 
deflected. The vz component, perpendicular to the x axis, is 
being damped by the 1-D molasses through the velocity-
dependent force F [14]: 

vF β−=          (1) 
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where k is the photon momentum and γ  the natural linewidth 
of Cs D2 transition. δ  is the off-resonance detuning of the 
molasses laser and S0 = I /Is stands for the saturation 
parameter with I and Is the laser intensity and the saturation 
intensity, respectively. Under the experimental conditions,  
the optical molasses laser has to have an off-  
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Figure 4.  a) shows the measured and the calculated Cs-beam mean 
velocity as a function of the acceleration laser frequency red-detuned from 
resonance. b) compares the simulated Cs-beam mean velocity with the 
measured values as the MOT magnetic field gradient increases. The 
acceleration laser has a red detuning of δ0 = -4.44γ. c) shows the velocity 
dependence on the acceleration laser intensity. 
 
resonance red-detuning |δ/γ| < 3.0 in order to completely 
deflect the Cs beam of 7.3 m/s by an angle of 30 degrees.  
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Figure 5.  Spatial trajectory of the cold Cs atomic beam interacting with 
the 1-D optical molasses in the beam deflection region. Here x-axis is the 
atomic beam propagation path after deflection. δ is the red-detuning of the 
molasses laser and γ the natural linewidth of the atomic transition. 

III. SIMULATION OF COLD CS BEAM VELOCITY 
Since the Cs atomic beam is generated from a Cs MOT, 

the ultra-low trap temperature (300 µK) corresponds to a 
thermal velocity of ~ 20 cm/s for Cs atoms. Therefore we 
can ignore the initial thermal velocity of the cold atoms and 
consider only the longitudinal motion of the Cs atomic beam 
governed by the light-induced spontaneous force Fsp 
described in  (3). 
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where a is the acceleration of Cs atoms (with mass mCs). In 
order to analyze the interaction of the Cs atoms with the 
acceleration laser, Fig. 6 schematically shows the region near 
the MOT volume where the Cs atoms gain its velocity.  

The optical re-pumping laser beam in Fig. 6 propagates 
perpendicularly to the acceleration laser beam and has a 
beam diameter of 20 mm. The optical re-pumping beam 
keeps Cs atoms absorbing photons and being accelerated. As 
designated in Fig. 6 this acceleration region has an effective 
linear distance of 10 mm. Once the Cs atoms move out of 
this region they are instantly pumped by the acceleration 
laser into the lower F″ = 3 level, causing the acceleration 
process stops. The Cs beam then travels at an approximately 
uniform velocity towards the beam deflection region. Since 
the acceleration laser beam is circularly polarized (σ+) it 
interacts only with Cs atoms in the mF = +1 level. In the 
vicinity of the MOT volume, the Zeeman shift increases 
approximately linearly as Cs atoms move out of the MOT 
volume. In addition, as the Cs atoms gain their speed, the 
Doppler shift also adds to the effective off-resonance 
detuning (the Cs beam travels in the same direction as the 
acceleration laser beam does). We therefore have the total 
off-resonance detuning for (3): 

δ = δ0 + µBx/h  + ∆νD             (4) 

δ0 = νL – ν0           (5) 

Bx= (∂B/∂x)x           (6) 

∆νD = (v/c)ν0,            (7) 

where δ0 is the fixed detuning of the acceleration laser and 
µ = µ0 the Bohr magnetic constant for the relevant atomic 
transition. The magnetic field gradient ∂B/∂x is a parameter 
set by the MOT-coil current. ∆νD stands for the Doppler shift 
at velocity v, and ν0 = 351725718.50 MHz is the Cs D2 line 
resonance frequency [15]. Substituting (4) - (7) into (3), we 
have 
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where a0 = hkγ/2mCs is a constant determined by the Cs mass 
and the photon energy.  

 

 

 

 

 

 

 

 

 

 

 

Figure 6.  Schematic diagram of the acceleration region of the MOT-based 
Cs atomic beam. The x-axis is the direction in which the Cs beam travels. 
The solid, round dot at x = 0, z = 0 represents the trapped Cs atomic cloud. 
The MOT anti-Helmholtz coils generate an approximately constant 
magnetic field gradient ∂B/∂x in the vicinity of the MOT center. The two 
crossed lines, labeled with mF = +1 and mF = -1, represent the simplified 
atomic hyperfine levels under Zeeman effects. The vertical axis also stands 
for the relative energy ∆E to the atomic resonance, and the horizontal 
dashed line with ∆E < 0 indicates the red-detuned acceleration laser 
frequency. Both the acceleration laser beam and the optical repumping 
laser beam are circularly polarized. δ is the total off-resonance detuning of 
the acceleration laser. 

In a similar way, the optical re-pumping laser also 
becomes off resonant by δ′ =  µBx/h, Bx= (∂B/∂x)x, due to 
the Zeeman effects once the Cs atoms leave the MOT 
volume. However, Doppler effects can be ignored here, as 
the re-pumping laser beam is perpendicular to the Cs atomic 
beam. Therefore the optical re-pumping becomes less 
efficient as the Cs atoms travel in the x direction. This effect 
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is incorporated into the model by multiplying (8) with a 
Lorentzian function, and if writing a = d2x/dt2 and v= dx/dt, 
(8) becomes 

 

 
 
 
 
 
where S0

′ = Irepump / Is is the saturation factor for the optical 
re-pumping laser beam and a′ is a    proportional constant.  

The above nonlinear equation is solved numerically 
under the initial conditions x = 0 and dx/dt = 0 at t = 0. The 
results are plotted in Fig. 4 as solid lines and compared with 
the measured results. Fig. 7 gives the calculated Cs-beam 
velocity as a function of traveling distance x. The solid line 
simulates an acceleration process under typical experimental 
conditions. At x = 10 mm, where the acceleration ends, the 
Cs beam has gained a velocity of 7.4 m/s, which agrees with 
the measurement. The simulation indicates a much faster 
acceleration if Zeeman and Doppler effects are not 
considered as shown in Fig. 7 with dashed and dotted lines.  

We attribute the good agreement between theory and 
experiment shown in Fig. 4 to the explicit inclusion of the 
varying Zeeman and Doppler effects in the simulation. 

 

 

 

 

 

 

 

 

 

 

Figure 7.  Calculated Cs-beam velocity as a function of the distance from 
the MOT in the effective acceleration region.  

IV. CLOCK PROSPECTS AND CONCLUSIONS 
Based on the measured cold Cs atomic beam parameters, 

we have estimated that the atomic master oscillator has an 
Allen standard deviation of σy(τ) = 2.7 × 10-13 τ-1/2  (τ in 
second) for its short-time frequency stability under the shot-
noise approximation [16-17]. Table I lists the estimated 
clock parameters. We also plot in Fig. 8 the Allan standard 
deviation σy(τ) as a function of the averaging time, giving an 
one day frequency stability of 9.2 × 10-16.  

In conclusion, we have designed the physics package of a 
continuous cold Cs beam atomic master oscillator and 
experimentally demonstrated a MOT-based cold Cs atomic 
beam, which travels at an uniform velocity of 7 m/s with a 
velocity spread of 1 m/s. The dependence of the cold atomic 
beam velocity on the MOT parameters has been 
experimentally and theoretically investigated. By adjusting 
the MOT parameters, we are able to tune the atomic beam 
velocity in a range of 5 – 8.5 m/s. We have developed a 
nonlinear mathematical model to simulate the spontaneous 
force responsible for the acceleration of the MOT-based Cs 
beam. Our calculation reveals that the inhomogeneous MOT 
magnetic field and the varying Doppler shift in the 
acceleration region have strong effects on the longitudinal 
velocity of the Cs atomic beam. This laser-cooled cold Cs 
beam is being used to develop a compact Cs-beam atomic 
clock for satellite applications.   

TABLE I.  ESTIMATED CLOCK PARAMETERS. 

Beam flux (F) 2 × 108 atoms/s 
Beam velocity (v) 7 m/s 

S/N ratio (shot-noise limited) 1.4 × 104 
Ramsey  

separated-field cavity length (L) 
13 cm 

Clock line width (∆ν) 35 Hz [16] 

Clock frequency (ν0) 9.192 GHz 

Clock short-term stability 
(σy(τ) τ in second) 

2.7 × 10-13 τ-1/2 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.  Estimated Allan standard deviation of the cold Cs-beam atomic 
clock using the measured Cs beam parameters.  
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